First publ. in: Angewandte Chemie: international edition 48 (2009), 14, pp. 2600-2604
[The definitive version is available at www3.interscience.wiley.com]
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Dedicated to Professor Joachim Sauer on the occasion of his 60th birthday
The allyl radical A is of fundamental importance in both
experimental and theoretical organic chemistry'! 1 41 Structures
of allyl radical compounds stabilized by bulky substituents
have been reported by the research groups of Streitwieserl31
and Azuma.!41 Moreover, the allyl anion and the amidinato
ligand n, the latter formed by the replacement of CR 2 by
isolobal NR moieties, are prominent ligands in coordination
chemistry. Amidinate ligands n, which have bulky substitu
ents on the N atoms, have been used to stabilize molecules in
unusual bonding situationsY 101 The replacement of CR' in the
allyl radical A by isolobal phosphorus gives a 2 phosphaallyl
radical C. Compounds of type C have only been synthesized
in situ by electrochemical reduction of 2 phosphaallyl cat
ions,!"1 and their structural parameters have been calculated
by using quantum chemical methods.[l 21The stability of such
systems can be increased by embedding the radical in a four
membered 1,3 diphosphacyclobutenyl ring system.!13.141 The
replacement of the terminal CR 2 groups by isolobal PR'
fragments in A to yield the 1,3 diphosphaallyl radical D,[lsi as
well as its cationic derivative D' (R' = NR 2),1161were reported
by Bertrand and co workers. However, no crystallographic
proof for the structures of these compounds has been
reported to date. Complete isolobal replacement of the CR
units in the allyl radical A by P leads to the triphosphaallyl
radical E, which is also unreported to date. Herein, we report
a straightforward synthesis of an air stable complexed tri
phosphaallyl radical E by photolysis of the Cp* containing
(Cp* = CsMes) phosphinidene complex with a diphosphene
and its transformation into its anionic (F) and cationic (F')
derivatives.[l 71 Interestingly, Jutzi et al. have reported spec
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troscopic evidence for the anion F and its 2 arsa conge
ner.[lBI
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We have shown that the phosphinidene complex
[Cp*PIW(CO)5hl (1)[191 is an excellent starting material for
the in situ generation of intermediate G,1201 which contains a
tungsten phosphorus triple bond (Scheme 1). The intermedi

G

H

Scheme 1. Different transformation pathways in the photolys is and
thermolysis of 1.

ate can be trapped by organometallic compounds that contain
multiple metal metal bonds,1211 alkynes,f221 and phosphaal
kynes to give novel clusters, metal containing heterocycles, or
cage compounds. In the latter reaction, an unusual opening of
the Cp':' ligand is observed to form an unprecedented 1,2
diphosphacyclooctatetraene Iigand. 1231 Compound G is
formed by Cp* migration from phosphorus to tungsten with
a change in the coordination mode from '1]1 to '1]5 (Scheme 1).
This reaction proceeds primarily under thermolytic condi
tions, however, photolysis of 1 leads, additionally, to the
elimination of a Cp*' moiety and the formation of the radical
intermediate HY41The electronic structure of H was recently
calculated by using DFT methods,l2'l We now find that this
intermediate acts as a phosphorus radical transfer reagent
and is responsible for the reaction of 1 with diphosphenes to
afford an unprecedented complex of type E.
Photolysis of 1 in the presence of Mes*P= PMes* (Mes* =
2,4,6 tri lert butylphenyl) in toluene at 15°C results in a color
change from deep blue to greenish brown over a period of five
hours, which indicated the completion of the reaction
(Scheme 2). Separation of the crude reaction mixture by
preparative TLC resulted in the isolation of a blackish green
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are suitable reagents for the oxidation and reduction of 2.[ 261
The reaction of 2 with one eq uivalent of AgSbF6 in CH 2Ci 2
(£'l = + 0.65y[261) at - 78 °C led to the oxidation product 4
(Scheme 3). This reaction was accompanied by a rapid color
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Scheme 2. Synthesis of the complexed triphosphaallyl radical

fraction, from which the radical species 2 was obtained as a
black crystalline compound in 22 % yield. Compound 3 was
isolated from the second, blue fraction as a dark green
crystalline compound in 35 % yield. The 31p NMR spectrum
of the reaction mixture shows no signals that correspond to 3,
thus it seems that 3 was formed during the chromatography as
a decomposition product of 2. When the TLC plates were
dried, hydrogen abstraction was prevented and the yield of
isolated 2 increased to 40 %, with only traces of 3 being
produced. Since no thermal reaction between the starting
materials occurs, the nucleophilic attack of the diphosphene
at the electrophilic phosphinidene phosphorus atom can be
excluded. Complex 2 is thus likely to be formed by addition of
the photogenerated radical H to the P=P bond of the
diphosphene, followed by a rearrangement.
Compounds 2 and 3 are readily soluble in hexane and
CH 2Ci 2, and give the expected IR spectroscopic and mass
spectrometric data. The 31p11H} NMR spectrum of 3 shows
three doublets of doublets of an AMX spin system, each of
which with a pair of tungsten satellites. The signal for the
hydrogen bearing P atom is shifted upfield (0 = - 62.4 ppm)
from the P atoms of the P=P bond (0 = 382.4 and 450.6 ppm,
If(P,P) = 271 Hz). Interestingly, all three signals in the
31p NMR spectrum of 3 show an eight line pattern, which is
attributed to the P H couplingsYS[ No NMR signal is
observed for radical 2 because of the paramagnetic line
broadening. The EPR spectrum of a solution of 2 in hexane at
room temperature shows a six line signal that can be
interpreted as doublets of a triplet at a g value of 2.0176.
The 31p hyperfine coupling constants are determined as
8.91 mT (terminal P atoms) and 2.11 mT (central P atom).[2S)
Interestingly, the coupling constants derived for 2 are larger
than the experimental values for the proposed derivative
D ;[IS[ although, according to the calculations, the spin density
in D should be located at the terminal P atoms, as in 2.
The electrochemical behavior of 2 was studied by cyclic
voltammetryYS[ The voltammogram of 2 exhibits a reversible
one electron oxidation to the corresponding cation at 0.17 Y,
and a reversible one electron reduction to the corresponding
anion at - 0.81 V. Spectroelectrochemical investigations show
that the reduction of 2 leads to a shift of the carbonyl bands to
lower wavenumbers. The values of the electrochemical
potentials of 2 imply that AgSbF6 and [CoCp21, respectively,

Scheme 3. Oxidation and reduction of the complexed triphosphaallyl
radical.

change from blackish green to deep purple and the appear
ance of a silver mirror. The 31p NMR spectrum of the purple
solution shows a AM2 spin system with signals at 0 =
586.5 ppm (,f(P,P) = 250 Hz, If(P,W) = 272 Hz) and 0 =
344.5 ppm (,f(P,P) = 250 Hz, If(P,W) = 267 Hz), thus indicat
ing the formation of a cation in which the two terminal P
atoms of the P3 unit are symmetry equivalent. The ESI mass
spectrum of the reaction mixture of 4 shows the SbF6- ion at
m/z 235 and the molecular ion peak of the cation at m/z 1203.
We were not able to isolate 4 from the reaction mixture
because of its rapid decomposition (within 30 minutes) at
room temperature.
Treatment of 2 with stoichiometric amounts of [CoCp21 in
CH 2Ci 2 (ft-> = - 1.33 y(261) at - 78°C resulted in the formation
of the diamagnetic reduction product 5 (Scheme 3) as a green
compound, which was isolated in 57 % yield. All the signals in
the A2M type 3I PIIH} NMR spectrum of 5 are shifted upfield
compared to those of 4 (PA atom 4: 0 = 586.5 ppm, 5: 0 =
468.5 ppm; PM atom 4: 0 = 344.5 ppm, S: 0 = 108.3 ppm). The
If(P,P) coupling constant increases from 250 Hz in 4 to 378 Hz
in 5, which reveal If(P,W) couplings of 207 Hz and 157 Hz,
respectivelyYS) The IR absorptions for the CO liga nds of 5
agree with those obtained upon reduction of 2 at - 0.90 Y
under the in situ spectroelectrochemistry conditions.l 2S[ The
large shifts of the IW(CO)4} bands compared to those of the
IW(CO)s} moiety suggest that the terminal PI units are more
affected by reduction than the central atom P2.
Single crystals of 2 were obtained at - 25°C from its
CH 2Ci 2 solution. In its crystalline state, radical 2 surprisingly
showed no apparent decomposition, even in air at room
temperature for several days. The molecular structure of 2[ 27 1
is shown in Figure 1 and reveals a Mes* substituted ph os
phaallylic system, which is 1']2 coordinated to a IW(CO)4} unit
by the phosphorus atoms PI and PI '. The central atom of the
three membered phosphorus chain P2 is 1']1 coordinated to a
IW(CO)s} unit. The molecule has C2 symmetry with the
central unit , which consists of the seven atoms C6, C6', PI , PI ',
P2, WI, and W2, situated within one plane. The Pl/P1'- P2
2601

Figure 1. ORTEP representation of 2 (hydrogen atoms omitted for
cl a rity, thermal ellipsoids set at 50 % probability) .

bond length (2.112(2) A) is the average of a P- P bond (~ P4:
AfZB ) and a P=P bond (the calculated bond length for HP=P- H is 2.004 A[Z9) . These data suggest a bond order of 1.5,
which is commonly found in allylic systems. The PI P2 Pl '
angle (83.7(1)") is diminished compared to that of an organic
allylic system. The Mes* groups are twisted against the Pl
PI ' P2 WI W2 plane with a dihedral angle of 85.7(1)°, which
prevents conjugation between the W ZP3 system and the
phenyl rings.
The molecular structure of 3 (Figure 2)[Z7) reveals that
protonation of 2 at the PI atom distorts the coplanar
arrangement of the P and W atoms. The PI- P2 bond length
(2.187(3) A) corresponds to a single bond, whereas the P2- P3
bond (2.075(3) A) corresponds to a double bond.
2.20

Figure 3. ORTEP representation of 5 (hydroge n atoms omitted for
clarity, th ermal ellipsoid s set a t 50 % probability).

OFT calculations showed the energy minima for 2, 4, and
5 to be Cz symmetric, which are lower in energy than their C2v
symmetric counterparts by 4.1 , 4.5, and 16.3 kJmol - l , respec
tively. Selected calculated and experimental struct ure para
meters of the central W2 (1l1)PJCrJ 2) WI unit in 2, 4, and 5 are
given in Table 1. The agreement between predicted and

Table ,; Comparison of sel ected theoretical and experimental structural
pa rameters [A.0] of 4, 2, and 5.
Parameter
P1
P2
P1
P1
P1
P1

W1 (P1 ' W1)
W2
P2 (P1 ' P2)
C6 (P1 ' C6')
P2 P1 '
P2 P1' C6'

4
Calcd

Calcd

2.468
2.472
2.159
1.831
81 .9
180.0

2.531
2.535
2.134
1.844
84.6
180.0

2
Exp
2.468(1 )
2.471 (2)
2.112(2)
1.835(3)
83 .7(1)
180.0

5(' (

Calcd

Exp

2.615
2.590
2.110
1.870
88.99
156.7

2.568 (2 .552)
2.492
2.070 (2 .065)
1.855 (1 .8 33)
88.70(10)
156.4(2)(b(

[a] The atoms P1', C6, and C6' in 5 correspond to P3, C28, a nd C10,
res pectively, in Figure 3. [b] Value for the P3 P2 P1 C10 angle; the P1 P2
P3 C28 angle is 160.3(2)° (see Figure 3).

Figure 2. ORTEP re presentation of 3 (hydroge n atoms omitted for

cl a rity, thermal ellipsoid s set at 30 % probability) .

The cobaltocenium salt 5 crystallized from a CHzClz
solution. The experimental X ray structure of 5 (Figure 3)1Z7)
differs only slightly from the Cz symmetric one (see OFT
calculations). Deviations from ideal symmetry are probably
du e to packing effects in the presence of the counterion in the
crystal lattice. The same behavior is also found for
2· CH2Cl2.f2s.z7) In contrast to the radical 2, the P- P bond
lengths are shortened (PI - P2 2.070(3) A, P2- P3 2.065(3) A)
in the anion of 5, whereas the W- P bond lengths are
elongated (WI - PI 2.568(2) A, WI - P3 2.552(2) A, W2- P2
2.492(2) A ). Additionally, the coplanar arrangement of the
atoms C6, C6', PI , PI', P2, WI , and W2 atoms in 2 is distorted.

experimental values is good for the radical 2 and anion 5,
except for slightly overestimated P- W bond lengths. As a
general trend, the increasing number of electrons in 4,2, and 5
causes significant elongation of the P- W bond (the calculated
difference between 4 and 5 is ca. 0.15 A) and a slight
contraction of the P- P bond lengths. The central ditungsten
triphosphaallyl moiety in 2 and 4 remains coplanar with the
C6/6' atoms and the diffe rence between the C2 and CZv
symmetric structures is merely a rotation of two para lerl
butyl groups of the Mes* substituents. Both P-C bonds in 5
are tilted about 23° from the plane of the W2 (1l1)P 3(1l2) WI
unit.
The molecular orbital analysis of the ce ntral W2
(1l1)P3(112) WI moiety in 2, 4, and 5 gives some insight into
their bonding. The isosurface orbital plots of the Jt orbital
system in the ditungsten triphosphaa llyl unit of all three
compounds is shown in Figure 4. In 2 and 4, the orbitals 3b, 4a ,
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d orbitals of both W atoms. The singly occupied molecular
orbital (SOMO) and the corresponding spin density distribu
tion of the radical 2 show that the unpaired spin is evenly
distributed over both terminal P atoms; this is confirmed by
EPR spectroscopy. The photogenerated phosphini dene rad
ical H has been shown to be an excellent phosphorus radical
transfer reagent and is thus valuable for future investigations
into the generation of different open shell systems.
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Figure 4. Isosurface orbita l plots of the Jt system in the ditungsten
triphosphaallyl unit in cation 4, radica l 2 (natural orbita ls and spin
density), and anion 5. The orbitals are labeled by their numerical order
and symmetry.

and 5b closely resemble the classical Jt system of the C3 allyl
anion, radical, and cation, respectively. The shape of the
4a orbital in 2 and the corresponding spin density explains the
high spin densities at the terminal P atoms and agrees with the
experimental EPR data . Additionally, the orbital picture also
reveals a resonance stabilization of the central p) allyl moiety
by an admixture of d orbitals of both W atoms. The Ib orbital
shown in Figure 4 is a p(P2) d(W2) Jt bonding combination in
4 and 2. In all three compounds, the 2a and 4a orbitals are
bonding and antibonding combinations, respectively, of the
p(Pl/l ') and d(WI) orbitals. The increasing occupation of the
4a anti bonding p(Pl/l') d(WI) orbital from cation 4 to anion
5 results in a destabilization of the pep) deW) orbital system
and elongation of the P-W bonds. As a result of full
occupation of the 4a anti bonding orbital, the orbital compo
sition of anion 5 is different to those of 4 and 2. The highest
occupied molecular orbital (HOMO) of 5 is a doubly
occupied
antibonding
p(Pl/I') d(Wl)
orbital
and
HOMO - l is a nonbonding combination of p(P2) and
d(W1I2) orbitals. The Jt bonding combination of p orbitals
of the P 3 group shifts significantly (2.2 eV) below the HOMO
level (lb in Figure 4, see Ref. [25] for orbital energies), which
explains the increased P- P bond stre ngth and the shortening
of the P- P bond distances along the series from the radical 2
to the anion S.
In summary, we have shown that the photolytic reaction of
1 with a diphosphene yields an unprecedented air stable
triphosphaallyl radical [(CO)5W(!-t,r{YJ ' P 3Mes':'2)W(CO)4]
(2). Oxidation of 2 leads to the triphosphaallyl cation (in
compound 4), which is only stable at low temperatures in
solution, whereas upon reduction the stable triphosphaallyl
anion (in compound 5) is formed. Compounds 2, 4, and 5
represent the so far elusive redox congeners of the triphos
phaallyl system. The frontier orbitals are indicative of a Jt
allylic system that is partially resonance stabilized by the
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